Successful establishment and maintenance of pregnancy can be attained only through optimum conceptus-maternal cross talk. Despite significant progress in our understanding of the temporal changes in the transcriptome of the uterine endometrium, we have only a rudimentary knowledge of the genes and pathways governing growth and development of the bovine conceptus. In particular, very little information exists for the posthatching embryo and elongating conceptus. This period of development is arguably the most important, as approximately 40% of all embryonic loss occurs between Days 8 and 17 of pregnancy in cattle. Here, we describe the global transcriptome profile of the bovine conceptus at five key stages of its pre-and peri-implantation growth (Days 7, 10, 13, 16, and 19) using state-of-the-art RNA sequencing techniques. More than 287 million reads were generated at the five stages, and more than 22 700 unique transcripts were detected. Analysis of variance followed by self-organizing maps identified differentially regulated (P , 0.05) genes organized in nine gene clusters forming a sequential transcript dynamics across these developmental stages. Of particular interest, genes in clusters 3 (n ¼ 236) and 6 (n ¼ 1409) were significantly up-regulated on Days 16 and 19, suggesting a role in maternal recognition and initiation of implantation. This transcriptome analysis of the bovine conceptus will provide a blueprint of the dynamic changes in gene expression occurring during maternal recognition and implantation and will complement existing knowledge of the temporal changes in the endometrial transcriptome, thus facilitating a better understanding of conceptus-maternal cross talk during the peri-implantation period of pregnancy.
INTRODUCTION
Conceptus-maternal communication is vital for the successful establishment and maintenance of pregnancy [1, 2] , yet relatively little information exists for many of the mechanisms and the nature of the conceptus signals responsible for this cross talk. Suboptimal communication, resulting from impairment of conceptus (embryo and associated extraembryonic membranes) development and/or from abnormal uterine receptivity [3] , contributes to a high incidence of embryonic mortality, which is a major cause of infertility in domestic animal species and in humans. For example, despite fertilization rates of .90% for most ruminant species [4] , only about 35% of dairy cows produce live offspring in response to a single insemination [5] . Similarly, in humans, the success rate per cycle after each assisted reproductive technology procedure is only about 25% [6] . Therefore, detailed examination of the mechanisms regulating both pre-and peri-implantation conceptus development and uterine receptivity are necessary to fully understand the mechanisms regulating successful posthatching development, pregnancy recognition, and implantation signaling.
The majority of studies examining the molecular mechanisms of conceptus-endometrial interactions carried out during the peri-implantation period of pregnancy have focused on the maternal side, describing changes in the transcriptome of the endometrium [7, 8] . Recent studies [8, 9] from our group indicate that the major factor affecting gene expression in the endometrium is day of the estrous cycle/early pregnancy. In other words, regardless of pregnancy status, the temporal changes in gene expression in the endometrium are similar in pregnant and cyclic animals up to the time of maternal recognition of pregnancy when conceptus-derived factors, such as interferon-tau (IFNT), induces or further amplifies expression of a large number of genes in pregnant animals. Furthermore, two recent key articles provide strong evidence that the endometrium of the cow reacts differently to different types of conceptuses around the time of initiation of implantation (Day 18 [10] and Day 20 [11] ). These studies demonstrated that embryos of different quality (i.e., with divergent developmental fates) signal differently to the endometrium and in turn elicit a different response in terms of the transcriptome of the endometrium. In this way, it was proposed that the endometrium be considered as a biological sensor that is able to fine-tune its physiology in response to the presence of conceptuses whose development becomes altered much later after the implantation process [11] . Recent comprehensive reviews [3, 12] have acknowledged the deficiency in our knowledge of the molecular mechanisms regulating conceptus development. Despite a number of recent studies [13, 14] describing gene expression profiles in bovine embryos (up to and including Day 7), very little information exists for the posthatching embryos and elongating conceptus [15, 16] . This period of development is arguably more important as approximately 40% of all embryonic loss occurs between Days 8 and 17 of pregnancy in cattle [4] , corresponding to the time of hatching of the blastocyst from the zona pellucida and its subsequent elongation coincident with the time of maternal recognition of pregnancy in cattle. Given that this is a critical period in development leading up to maternal recognition and establishment of pregnancy, the identification of key genes and pathways regulating these critical developmental events is essential.
Recent developments in high-throughput sequencing technologies allow for the investigation of transcriptomes at unprecedented resolution. RNA sequencing (RNA-Seq) is a recently developed approach to transcriptome profiling that uses deep-sequencing technologies and provides a far more precise measure of levels of transcripts and their isoforms than other methods [17] . Such an approach has the advantage over microarray technology of being unbiased (no prior knowledge required), allowing almost complete coverage (i.e., very high sensitivity) and true genomewide discovery [18] . Using this state-of-the-art technique, the aim of this study was to examine the temporal changes in transcriptional profiles of the bovine conceptus at five key stages of pre-and peri-implantation development from a spherical blastocyst on Day 7 through the critical period of maternal recognition to a filamentous conceptus at the initiation of implantation on Day 19. Here, we report results of the first bovine conceptus global transcriptome profiling during its critical window of pre-and peri-implantation growth and development to provide a comprehensive data set that will drive our understanding of the regulation of maternal recognition and establishment of pregnancy and pave the way for detailed functional analysis of candidate genes.
MATERIALS AND METHODS
All experimental procedures involving animals were licensed by the Department of Health and Children, Ireland, in accordance with the Cruelty to Animals Act (Ireland 1897) and the European Community Directive 86/609/EC and were sanctioned by the Animal Research Ethics Committee of University College Dublin.
Preparation and Synchronization of Animals
Synchronization of animals to collect in vivo-derived bovine embryos was carried out as previously described [19, 20] . Briefly, the estrous cycles of crossbred beef heifers (approximately 18 mo old, predominantly Charolais and Limousin cross; n ¼ 72) were synchronized using an 8-day Controlled Internal Drug Release (CIDR) device treatment (1.94 g progesterone; InterAg, Hamilton, New Zealand) with administration of a prostaglandin PGF2a analogue (Estrumate; Shering-Plough Animal Health; containing 0.5 mg cloprostenol) the day before CIDR removal to ensure complete regression of the corpus luteum. Animals were checked regularly, and only those heifers that came into standing estrus (Day 0) within a narrow window (36-48 h after CIDR removal) were used for the experiment. Based on our predicted embryo recovery rates at the different stages, heifers were assigned randomly to five experimental groups for embryo recovery on a specific day: group 1 (Day 7; n ¼ 9 animals), group 2 (Day 10; n ¼ 13), group 3 (Day 13; n ¼ 23), group 4 (Day 16; n ¼ 16), and group 5 (Day 19; n ¼ 15). In order to ensure sufficient numbers of blastocysts to work with on Day 7 and Day 10, the heifers assigned to those days were superovulated. Starting on Day 10 of the estrous cycle, heifers in groups 1 and 2 were superovulated with FSH given as twice-daily injections over 4 days, and luteolysis was induced with a second PG injection on Day 12, while heifers in groups 3, 4, and 5 were not superovulated. All heifers were kept under identical conditions and inseminated with semen from the same bull with proven fertility.
Collection of Bovine Embryos at Key Development Stages
In order to determine the precise temporal relationship between stages of conceptus development and transcript profiles, the key time points in development examined were Day 7 (blastocyst formation), Day 10 (posthatching spherical conceptus), Day 13 (ovoid conceptus, initiation of elongation), Day 16 (filamentous conceptus, day of maternal recognition) and Day 19 (filamentous conceptus, initiation of implantation). Following slaughter on a given day, the reproductive tract of each heifer was recovered within 30 min of slaughter and placed on ice. Both uterine horns were flushed with 40 ml PBS supplemented with 3% fetal calf serum to recover the embryos. All embryos were washed in PBS and then immediately frozen at À868C with a minimum volume of PBS until processed for RNA extraction. Only morphologically intact blastocysts/conceptuses were selected and used.
Sample Preparation mRNA Extraction
Day 7 and Day 10 blastocysts were pooled into groups of five, while individual conceptuses from Days 13, 16, and 19 were used for mRNA extraction. Polyadenylated mRNA was isolated from Day 7, Day 10, and Day 13 blastocysts/conceptuses by two rounds of selection using the Dynabeads mRNA DIRECT Kit (Invitrogen). However, for Day 16 and Day 19 conceptuses, initially total RNA was isolated using the TRIzol reagent (Invitrogen) per the manufacturer's instructions. On-column DNase digestion and RNA cleanup was performed using an RNeasy Midi Kit (Qiagen) followed by two rounds of polyadenylated mRNA selection using Dynabeads mRNA DIRECT Kit (Invitrogen). Each developmental stage was represented by five biological replicates that were processed independently.
Generation of cDNA Library and Sequencing
We used cDNA library preparation procedures recommended for highthroughput DNA sequencing on the Illumina Cluster Station and Genome Analyzer. The extracted mRNA (without amplification) was initially fragmented and subsequently random primed for cDNA library preparations and ligation. This procedure was designated among the best methods according to a recent study [21] . While initial RNA-Seq studies have used 36-nt reads [22] [23] [24] [25] , we were able to take advantage of the improvements in Illumina sequencing chemistry and increase the read length to 84-nt. This increases the chances of better alignment and permits mapping of the read fragments and easier identification of splice junctions.
Five replicates of each developmental stage were used to isolate mRNA for generation of cDNA libraries. Following the Illumina procedures (Illumina) for sequencing samples, the extracted mRNA was fragmented by incubating the samples at 708C for 5 min in the presence of fragmentation buffer (Ambion; catalog no. AM8740). The cDNA was synthesized using a SuperScript II Reverse Transcriptase Kit, 1 lg random primers and 10 U RNaseOUT (Invitrogen), 10 mM dNTP, and 10 ng T4 Gene 32 (New England Biolabs; catalog no. M030S) in a final reaction volume of 20 ll during the first-strand cDNA synthesis. Subsequently, the first stand cDNA synthesis products were divided into four equal parts (5 ll each) to which 9.2 ll PCR-grade dH 2 O, 4 ll second-strand buffer, 0.6 ll dNTP (10 mM), 0.5 U RNase H, and 1 ll DNA polymerase (Invitrogen) were added per tube to a final 20-ll reaction and incubated for 2.5 h at 168C. This approach reduces intrinsic variations during synthesis of the second strand [26] . Library preparation was performed following the Illumina recommendations (preparing samples for mRNA sequencing; Illumina), except diluting the adaptors and primers to that of one-fifth of its concentration. Quality and sizes of the products were checked using an Agilent DNA 1000 kit of the Bioanalyzer 2100 (Agilent Technologies), and each library had an insert size of approximately 200 base pairs. Cluster generation and sequencing was carried out using the standard Illumina procedures for the Genome analyzer sequencer (Illumina).
Sequencing Quality and Filtering the Reads
The sequencing control software and Illumina pipeline software programs convert raw image data into intensity scores, base calls, and finally base calls with associated quality scores in the form of FASTQ files. These reads were aligned against the bovine Bt4 genome sequence using ELAND (Efficient Local Alignment of Nucleotide Database), an algorithm within the Illumina Genome analyzer pipeline software. Predefined splice junctions, based on version 54 of the Ensembl bovine annotation, were generated and combined with the Bt4 (2007) sequence to enable detection of reads overlapping splice junctions. In order to minimize false positives, tolerances were set to allow no more than two mismatches in each alignment. This categorized the output as 1) uniquely mapped to the known coding regions and 2) reads that align to multiple genomic locations and ambiguous reads that were ignored in the 1144 subsequent analysis. We used the ENSEMBL bovine genome annotation version 54 as input to the Illumina CASAVA tool (Consensus Assessment of Sequence And Variation). This software mapped reads to annotated exons. We took the read counts per transcript and generated RPKMe values (reads per kilobase of the transcript per million exome mapped reads) for all annotated genes, transcripts, and exons. Genome Studio (Illumina) was used to visualize the aligned reads on the bovine genome. In our experience, using a denominator of total reads mapped to the exome provided better within-group correlations than total mapped reads or total library size.
Significance and Cluster Analysis
Analysis of variance (ANOVA) was used to filter down and retain genes that were significantly (P 0.05) differentially expressed between any two time points. The ANOVA filtered genes were clustered using a self-organizing map (SOM) [27] algorithm and Genesis software (http://genome.tugraz.at/ genesisclient/genesisclient_description.shtml). Euclidean distance metric was used, and in total 9 (3 3 3) clusters were generated. As a prerequisite to this analysis, the mean of replicates was subtracted from the individual gene expression values, and the resulting value was divided by the standard deviation for that gene. The clusters were visually inspected for similarity and differences among the gene expression profiles. Clusters were merged if they shared a similar expression profile and split when genes did not satisfy the trend for the cluster. Reviews of various clustering algorithms and advantages of using SOM for exploratory gene expression analysis over other approaches have been discussed previously [28] .
Gene Ontology, Pathways, and Network Analysis
The clusters were also analyzed using the Ingenuity Pathway Analysis Tool (www.ingenuity.com) to take advantage of the available ontology, pathways, and network information contained therein. The curated clusters of genes from SOM analysis were submitted to the Ingenuity knowledge database, and significant ontologies, pathways, and networks were obtained and analyzed for biological function.
RESULTS

Deciphering Unique Gene Clusters Associated with the Distinct Morphological Changes During Conceptus Development
Using in vivo-derived blastocysts/conceptuses at five key developmental stages (Days 7, 10, 13, 16, and 19 of pregnancy) and the Illumina RNA-Seq technology, we generated and aligned to the bovine genome sequence in total 50.8, 47.8, 55.4, 56.1, and 77 million 84-nt transcriptome reads for Days 7, 10, 13, 16, and 19 bovine conceptuses, respectively ( Table 1 ). The sequencing reads were aligned to the bovine genome sequence, and reads uniquely mapped to known exons and splice junctions were identified using the CASAVA tool from Illumina. The transcript data for all developmental stages were compared simultaneously, and ANOVA revealed transcripts differentially regulated (P , 0.05) between any two developmental stages. For the subsequent analysis, rather than the whole list of genes detected at each stage, we specifically focused on differentially regulated genes (P , 0.05) at each stage, believing that they hold important information regarding the molecular mechanisms associated with that particular stage. It is reasonable to expect that genes with similar expression patterns have functional similarities [29] and that they impact the biology of cells in a similar fashion. Therefore, cluster analysis was performed using SOM [27] to identify classes of genes with similar temporal changes during each developmental stage. SOM is particularly well suited for exploratory data analysis to expose the fundamental patterns in the data [28] . For this analysis, a 3 3 3 SOM was used (see Materials and Methods) to organize the genes into nine gene clusters that have distinct expression patterns across the pre-and periimplantation periods of conceptus development (Fig. 1) . For illustrative purposes, representative heat maps of some clusters are shown in Supplemental Figure S1 (all Supplemental Data are available online at www.biolreprod.org).
Combinatorial Actions of Genes in Different Distinct Clusters Control Conceptus Development
Overall, a large number of transcripts (.20 000) were detectable in conceptuses at each stage of development, the vast majority of which (.18 500) were present in all stages with a smaller number being unique to specific stages (Fig. 2) .
ANOVA followed by SOM detected several gene clusters comprising a substantial number of differentially regulated transcripts between the different developmental stages. In Day 7 blastocysts, genes in clusters 7 (n ¼ 1474), 8 (n ¼ 169), 9 (n ¼ 245), and 4 (n ¼ 10) were distinctly up-regulated as compared to other stages (Supplemental Table S1 ; P , 0.05). While genes in clusters 7, 8, and 9 were subsequently down-regulated at Day 10, genes in clusters 4 and 5 (n ¼ 5) were up-regulated on Day 10. At Day 13, genes in clusters 1 (n ¼ 1415), 2 (n ¼ 233), and 3 (n ¼ 269) were distinctly up-regulated; cluster 1 and 2 genes were subsequently down-regulated. Genes in cluster 3 further cooperated with genes in clusters 6 (n ¼ 1680), 8, and 9 on Day 16. At Day 19, the up-regulated genes in clusters 3 and 6 were maintained, while genes in clusters 8 and 9 were down-regulated. Summaries of cluster arrangements in relation to the developmental stages are shown in Figure 3 , and details of transcripts in each cluster are summarized in Table 2 .
Stage-of-Development-Specific Prominent Genes and Networks
In order to detect biological networks and pathways that contributed to the morphological changes among particular developmental stages, we used Ingenuity Pathway Analysis (IPA) software (www.ingenuity.com). As shown in previous sections, the number of significantly altered genes and clusters varied among developmental stages. With the exception of genes in clusters 2, 5, and 7, all genes in the remaining clusters were up-regulated at more than one developmental stage (Fig.  3) . Thus, the differentially regulated genes and clusters at a particular developmental stage consist of those preferentially detected at that stage and also substantial numbers of genes shared with other stages, as discussed below.
Day 7 blastocysts. In the Day 7 blastocysts, genes in clusters 7, 8, 9, and 4 were distinctly up-regulated compared to other stages. Cluster 7 contains a large number of transcripts (n ¼ 1680), yet genes in this group were up-regulated only on Day 7, while the remaining clusters (4, 8, and 9) were up-regulated again at other stages. The top five gene networks identified by IPA are presented in Supplemental Table S2 . A number of genes related to cell-to-cell signaling, cell cycle, embryonic development, and proliferation functions were identified. Among the known genes in the list was CTNNBL1 (important in intracellular signaling), various Cadherin family genes known for roles in cell adhesion, and various ion channels important for active ion transport across the trophectoderm. These genes have been described as markers of compaction and trophectoderm differentiation [30] . The E-cadherins/beta-catenin complex has a critical role in cell-cell adhesion [31] . Other prominent genes in these clusters known to have important roles in development include VEGF, RIF1, SPk1, and MAPK3/1. Day 10. On Day 10, genes in clusters 4 and 5 were preferentially up-regulated compared to other days examined. During Day 10, the fact that cluster 4 was shared with Day 7 blastocysts and that cluster 5 contained very few genes suggests that development at this stage also benefited from down-regulation of transcripts in clusters 7 and 8 as compared to the few up-regulated genes. The prominently up-regulated genes include SARM1, SHBG, MYBPC3, ADAT1, and LEO1.
Day 13. On Day 13, the bovine conceptus is ovoid and at the beginning of elongation. Compared to Day 10, a larger number of transcripts (1917) were up-regulated in clusters 1, 2, and 3. This may signify the importance of these genes during initiation of elongation. The top five gene networks identified by IPA are presented in Supplemental Table S3 . Genes related to cellular growth, proliferation, and DNA replication functions were prominent. Some of the major gene networks include those centered around HNF4A, DNMT3, NFKB, ITGB1, TP53, and SUMO3.
Day 16. Day 16 corresponds to the day of maternal recognition of pregnancy in cattle around which time the conceptus must secrete sufficient IFNT to abrogate uterine secretion of luteolytic pulses of PGF2a and consequent regression of the corpus luteum. Genes in clusters 3, 6, 8, and 9 were prominently up-regulated during this stage, thus making it the one with the combined largest transcript pool (2712). A previous study detected the greatest degree of network interactions during the transition of bovine conceptuses from ovoid to tubular development stages [32] . The transiently down-regulated genes in clusters 8 and 9, during Day 10 and Day 13, were once again up-regulated at this stage (Fig. 3) . Both Day 16 and Day 19 conceptuses exhibited upregulation of genes in clusters 3 and 6, while up-regulation of genes in clusters 8 and 9 was not observed during Day 19. While exhibiting a low expression profile until Day 13, the expression of transcripts in cluster 6 increased significantly in conceptuses on Days 16 and 19. Therefore, it is reasonable to assume that the genes in these clusters contribute to maternal recognition and establishment of pregnancy. Genes related to cellular growth, proliferation, and DNA replication were prominent. The top five gene networks identified by IPA are presented in Supplemental Table S4 . Among the prominent gene networks were those centered around APP, GPCR, IGF1R, and TFAP2A, each comprising several genes in the network. Other identified genes of major importance that are known to play important roles in reproduction and development included IFNT2, FURIN, PGF, DLX3, PTGS2, various growth factors, receptors, and integrins. In addition, a large number of other genes, not previously described in the conceptus, were identified; many of these were in cluster 6 and exhibited a similar pattern of expression to IFNT2, suggesting a possible role in maternal recognition.
Day 19. During Day 19, the time of initiation of implantation in cattle, the up-regulated gene clusters at Day 16 (except transcripts of cluster 8 and 9) were maintained, implying that genes in clusters 3 and 6 have a complementary role that extends to the events required for implantation. The top five gene networks identified by IPA are presented in Supplemental Table S5 . Genes with functions related to metabolism, conceptus development, protein synthesis, and molecular transport were prominent, and these functions are important during the maternal recognition and establishment of pregnancy.
DISCUSSION
Although the increased coverage of the bovine genome sequence [33] provides an opportunity for increased annotation, sequential analysis of multiple pre-and peri-implantationstage conceptus transcriptomes has not been carried out. Results of this study are the first to be based on sequencing of the transcriptome of pre-and peri-implantation-stage bovine conceptuses that include five consecutive key periods of development encompassing the critical windows of maternal recognition and initiation of implantation. The study has revealed gene clusters containing a large number of known and novel transcripts that play key physiological roles during the pre-and peri-implantation stages of development. Consistent with a significant increase in proliferation and differentiation of cells during conceptus development [34] [35] [36] , we found that many genes and receptors were significantly up-regulated 
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Total transcripts a   Unique   b   Annotated to genes   c   1  1594  1415  1182  2  249  233  193  3  286  269  236  4  1 2  1 0  9  5  5  5  5  6  1974  1680  1409  7  1680  1474  1269  8  192  169  127  9  277  245 1148 during these stages. The ladder-like expression patterns of the various gene clusters (Fig. 3) revealed the transcript dynamics involved in conceptus development during these consecutive stages and will serve as a resource to examine transcript changes at each of these key stages and in studies related to maternal-conceptus crosstalk. Despite generation of the clusters without previous knowledge, the nine clusters generated by SOM analysis were distinct in their expression patterns, which corresponded to each developmental stage. Several genes, previously identified in some stage-specific studies, were detected, as were novel genes. Furthermore, this study has identified a comprehensive list of developmental-stage-specific genes as well as examined the temporal regulation of these genes across all critical stages of preimplantation development. Most of the detected genes have not been previously characterized in conceptuses; therefore, establishing their relationship during various stages of conceptus growth and development will provide insight into their respective roles. With the exception of the small number of differentially expressed transcripts on Day 10, the remaining developmental stages were each characterized by a large number of transcripts that distinctly defined each of the stages.
In addition to the well-known genes associated with conceptus development, genes not previously described or not known to have a role in bovine conceptus development were identified in the present study. For example, compared to its well-established role in preventing abnormal cellular function [37] , the crucial role of TP53 in reproduction is gaining momentum, as its deficiency in mice significantly reduces implantation, pregnancy rate, and litter size [38] . Further, a single nucleotide polymorphism in this gene may regulate implantation rate and fertility in humans [39] . Similarly, SUMO3 is known to play a role during posttranslational protein modification by participating in a number of cellular processes, such as nuclear transport, transcriptional regulation, apoptosis, and protein stability (reviewed in Su and Li [40] ). The stable expression of these genes throughout the five key stages of bovine conceptus development suggests their importance, and the greatest expression on Day 13 suggests a role in the process of elongation.
At Day 16 and Day 19, interferon transcripts were among the well-known genes detected. The role of IFNT in signaling pregnancy in cattle has been well established [41] [42] [43] . In this study, the abundance of IFNT2 transcripts increased significantly on Day 16 compared to Days 7 to 13, as its abundance doubled on Day 16 and increased further by Day 19. Cluster 6, which contained IFNT2, contained more than 1400 other genes that had a similar pattern of expression to IFNT2, being upregulated on Days 16 and 19, suggesting a role during maternal recognition and establishment of pregnancy. These genes included PTGS2, DLX3, PGF, TFAP2A (AP2), FURIN, and various pregnancy associated glycoproteins (PAGs). Representative temporal expression profiles of some of these genes during the five key bovine embryo developmental stages are shown in Figure 4 . Previous studies in sheep have led to contradictory reports regarding the relationship of IFNT2 and PTGS2; some have reported down-regulation of PTGS2 on Day 14 of pregnancy [44] , while others have reported induction of PTGS2 concomitant with increases in IFNT2 [45, 46] . Though the conclusions were based on studies of the ovine endometrium, results in bovine indicate induction of PTGS2 by IFNT2 [47, 48] that supports the results of the present study. DLX3 has been suggested to have a central role in controlling IFNT gene expression by associating with ETS2 on the IFNT promoter [49] , and PGF was implicated in eliciting and sustaining angiogenesis, and its regulation was associated with VEGF [50] . Similarly, FURIN is one of the several proprotein convertase family genes broadly expressed and responsible for cleaving intra-and extracellular precursors of various growth factors, receptors, adhesion molecules, neuropeptides, metalloproteases, viral envelope glycoproteins, and bacterial endotoxins (reviewed in Mesnard and Constam [51] ). It is one of the genes classified under the network posttranslational modification, embryonic development, and tissue development (Supplemental Table S4 ), but a similar expression pattern to that of IFNT2 has not been documented.
Similarly, TFAP2A (transcription factor AP-2 alpha [activating enhancer binding protein 2 alpha]) and its network was among the up-regulated genes, particularly on Days 16 and 19, and may be a key factor in trophoblast cell differentiation [32] . Its expression increased continuously during these key stages of conceptus development, implying its importance beyond maternal recognition of pregnancy to initiation of implantation. Moreover, integrins are known to facilitate cell-to-cell adhesion, cell migration, and the attachment of cells to the extracellular matrix [52] . The fact that the prominence of integrin transcripts extends to Day 19 of pregnancy indicates their crucial role during attachment and implantation [53] [54] [55] . APP is a ubiquitously expressed molecule that may function as both a growth factor and a mediator of cell adhesion, both of which could be important in morphogenesis [56, 57] . Despite a lack of information on its role(s) in bovine reproduction, the continuous increase in its expression suggests an important function that warrants further study.
We identified 15 PAGs that belong to the ancient and modern classification groups [58] . PAGs are one of the glycoproteins produced exclusively by the specialized trophoblastic giant cells in the ruminant placenta. These cells migrate from the trophectoderm to fuse with maternal uterine epithelial cells and release their granular contents into the maternal circulation and have been used to diagnose pregnancy [59, 60] . All the developmentally related functions of PAG genes signify their role as important mediators of processes related to maternal recognition of pregnancy and justify further examination of their role in conceptus development. In addition to the known genes, the detection of a large number of genes (.1400) with a similar expression pattern to IFNT2 raises the possibility that some may also be involved in pregnancy recognition.
The use of superovulation to generate embryos at the very early preimplantation stages should be acknowledged. Because of the minute quantities of mRNA present in early preimplantation embryos, treatment with FSH was necessary to obtain sufficient Day 7 and Day 10 embryos for RNA sequencing. Thus, on both Day 7 and Day 10, we generated pools of five embryos each. This avoided the necessity to use amplification, which itself may introduce a bias. It is acknowledged that the endocrine environment (of both the follicle and the reproductive tract) associated with superovulation is different from that in unstimulated animals and that this may lead to alterations in the transcriptome of the embryo [61] . Whether these changes have a functional significance or simply reflect the plasticity of the embryo is currently not known; however, it should be noted that Day 7 embryos derived from such procedures are apparently normal and viable after transfer to a recipient and are the basis for the entire embryo transfer industry worldwide [62] .
In conclusion, this is the first large-scale study to examine the dynamic profiles of change in transcript diversity and abundance during the critical developmental period of bovine conceptuses from blastocyst to ovoid and tubular and filamentous conceptus. Nine gene clusters were identified that TRANSCRIPTIONAL LANDSCAPE OF BOVINE CONCEPTUSES clearly reflect changes in gene expression during the various pre-and peri-implantation stages of development. Currently, a detailed study of the conceptus transcriptome at these stages is lacking, and most reports are based on expression of transcripts by cells of the uterine endometrium. Results of this study complement knowledge of endometrial transcripts and will enable understanding of conceptus-maternal crosstalk during the peri-implantation period of pregnancy. Analysis of data sets of transcriptomes at these key pre-and peri-implantation stages of conceptus development identified genes and gene networks critical to the establishment of pregnancy and also networks associated with bovine conceptus development and implantation not described previously. Although many of the ontologies and networks available through IPA and other platforms have been developed using other models (mainly human disease states), in the absence of species-specific or model-specific information, they can be useful as a starting point to select some focus genes. The detection of stage-of-developmentspecific gene clusters that coincide with the physiological and morphological changes of the conceptus indicates that they likely have important roles during particular stages. The transcription results serve as a resource from which specific molecular markers may be selected for further investigation of their functional significance.
